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UniversiẗatRostock,FachbereichPhysik,August-Bebel-Str.55,18055Rostock,Germany�
AdvancedPhotonSource,ArgonneNationalLaboratory, Argonne,IL 60439

Introduction

Low dimensionalstructureslike thin films very oftenexhibit
propertiesthatdiffer considerablyfrom thoseof correspond-
ingbulk materials.Specialdepositiontechniquesallow prepa-
ration of materialsthat exhibit uniqueelectronic,magnetic
andvibrationalproperties.Thelatterareofteninfluencedby
the layer structure,especiallyin the caseof propagatingex-
citationslike phonons.Dueto thebrokentranslationalsym-
metry at boundariesof thin films and multilayers,changes
in thevibrationalspectrumareexpectedif thefilm thickness
or multilayer periodis comparableto the phononmeanfree
path. Sizeeffectsin the vibrationalpropertiesareof partic-
ular technicalrelevanceif, for example,thethermalconduc-
tivity of thin films is considered,which canbean important
issuefor the thermalbehavior of micromechanicandmicro-
electronicdevices.
In thisexperimentwehavedeterminedthevibrationaldensity
of states(VDOS)of

���
Fethin films via inelasticnuclearreso-

nantscatteringof synchrotronradiation.Thismethodwasin-
troducedrecently[1,2]. It reliesondetectionof time-delayed
fluorescencephotonsemittedby decayingMössbauernuclei
in thesamplethatwereexcitedby synchrotronradiationpul-
ses. If the energy of the incidentradiationis off resonance,
excitation of nuclei may be assistedby creationor annihi-
lation of phononsin the sample. Therefore,the energy de-
pendenceof theyield of nucleardecayproducts(conversion
electronsor subsequentK-fluorescencephotons)givesa di-
rect measureof the phonondensityof statesin the sample
[2]. Dueto theoutstandingbrillianceof undulatorradiation,
very small samplevolumesaresufficient to measurephonon
spectraof goodstatisticalqualitywithin a few hours.Thisal-
lows to determinethermodynamicpropertieslike latticespe-
cific heatandvibrationalentropy evenfor systemsof reduced
dimensionality.
Herewe have investigatedthin films of polycrystallineFein
the thicknessrangeof 10 - 30 nm. Sincethe typical wave-
length of a 30 meV phononin bulk Fe is approximately1
nm, we expectan influenceof theconfinedgeometryon the
phononspectrumof thesefilms.

Method

The experimentswerecarriedout at the undulatorbeamline
3ID. Monochromatizationtoanenergybandwidthof 5.5meV
wasachievedbyahigh-resolutionnestedmonochromator. De-
layedfluorescencephotonswerecountedwithin a time range
of 12– 100nsafterexcitationwith a largeareaAPD (avalan-
chephotodiode)that wasplacedright above the film plane.
Themeasurementssignificantlybenefittedfrom theintensity
enhancementin x-ray standingwavesthat form above total

reflectingboundariesdueto superpositionof incidentandre-
flectedwaves. A substantialintensityenhancementinsidea
thin film canbeachievedif the thin film is coatedon a total
reflectingsubstrateandthefilm thicknessis anintegermulti-
ple of thestandingwave period[3,4]. Dependingon thefilm
thickness,a certainnumberof guidedmodescanbeexcited,
which show up asminima in the rocking curve of the layer
systembetweenthe critical anglesof the layer andthe sub-
stratematerial. At thoseangularpositionsthe fluorescence
yield canbesignificantlyenhanced[5].
Two films wereprepared,consistingof polycrystalline� -Fe
(enrichedto 95

�
in
���

Fe)with thicknessesof 13 nm and28
nm,respectively.

Figure1: a) Electronicrockingcurve of 13 nm Fe on Pd. A
guidedmodeis excitedat an angleof 4.2 mradthatappears
asminimumin thereflectivity betweenthetwo critical angles
of Fe andPd. The insetshows the depthdependenceof the
intensityinsidethelayer. b) Angulardependenceof theyield
of delayedfluorescencefrom theFefilm, with thephotonen-
ergy 20 meV above the resonance.The yield peaksat the
anglewheretheguidedmodeis excited.Theinsetshows the
phononspectrumthatwasrecordedat this angle.Solid lines
aretheoreticalfits.



Figure 2: a) DOS of bulk Fe, from which the calculations
(solidlines)for thefollowingexperimentaldatawerederived:
b) DOS of bulk Fe,c) DOS of 28-nmFe on ZERODUR, d)
DOS of 13-nmFe on 20-nmPd on ZERODUR. The dotted
line in b) correspondsto thesolid line in d). Theenergy res-
olution in theexperimentswas5.5meV [5].

Thefilmsweredepositedatroomtemperatureby rf-sputtering
in anAr atmosphereontoasuperpolishedglass-ceramicssub-
strate. The 13-nm-thickfilm was depositedonto a 20-nm-
thick Pd layer to createan x-ray waveguidestructure. The
intensityenhancementobtainedthroughthewaveguideeffect
is illustratedin fig. 1.

Results and Discussion

TheDOSfor bothfilms is shown in fig. 2c,d.For comparison,
the DOS of bulk ��� ��� Fe,obtainedfrom a 10-	 m-thick foil
underthe sameexperimentalconditions,is shown in fig. 2b.
Fig.2ashowstheDOSof bulk bccFeascalculatedfrom neu-
tron data.
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Figure3: Low energy region of the phononDOS of the Fe
thin films andbulk Fefrom fig.2 plottedvs. � �

The peak at 35 meV correspondsto longitudinal phonons
closeto the boundaryof the first Brillouin zone,while the
two peaksat 23 meV and27 meV mainly belongto thevan-
Hove singularitiesof transversephonons.Themostobvious
featurein the film DOS is the shapeof the peakat 35 meV,
which suggestsphonondampingin theFefilms. In orderto
describethe measuredDOSof thefilms, ������� , we have ap-
plied the modelof a dampedharmonicoscillator (DHO) as
it wasusedin a similar studyon Fe nanocrystals[6]. This
modelcontainsasthe only adjustableparameterthe quality
factor Q that describesthe dampingof vibrational modes.
The DOS of the 28-nm-thickFe film shown in fig.2c was
describedwith ������������� , while for the13-nm-thickFefilm
a valueof ��� �"!#�$�%� wasobtained[5]. For a direct com-
parisonwith bulk bcc Fe, the calculatedDOS of the 13-nm
Fe film is drawn asdottedline in fig. 2b. The discrepancies
betweenbothcalculatedDOSreveal thefeaturesthatarein-
troducedby thedamping:Thehigh-energy tail is smearedout
overa wide rangeof energies,thepeaksdueto thevan-Hove
singularitiesaresmoothened,andthereis a slight increaseof
theDOSat low energies,causedby thelongtailsof theDHO
function.
An enhancementof low energy modesis oftenfoundin sys-
temswith structuralirregularitiesandis attributedto soften-
ing of transversephonons.The phononDOS in this energy
region for bothsamplesis shown in fig. 3, plottedversus� � .
The DOS is to a good approximationquadraticin energy,
asexpectedfrom the Debyemodel. The slopeindicatesthe
soundvelocity in theFefilms to belargerthanin thebulk.
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